The effect of omega-3 polyunsaturated fatty acids enriched diet on the contractile function, structure, Ca2+ handling and electrophysiology in the rat heart** Wpływ diety wzbogaconej w wielonienasycone kwasy tłuszczowe omega-3 na funkcję skurczową i morfologię lewej komory oraz na wewnątrzkomórkowy obieg Ca2+ i elektrofizjologię w sercu szczura Introduction. Omega-3 polyunsaturated fatty acids (ω-3 PUFA) are essential fatty acids that cannot be synthesized by mammals and must be delivered with food. Epidemiological observations suggest that supplementation of ω-3 PUFA reduces cardiovascular mortality, although results of clinical trials and animal studies are highly variable and inconsistent.
INTRODUCTION
Omega-3 polyunsaturated fatty acids (ω-3 PUFA) and omega-6 polyunsaturated fatty acids (ω-6 PUFA) belong to a group of so called essential fatty acids that cannot be synthesized by mammals due to lack of enzymes required to synthesize a double bond in a respective ω-3 or ω-6 position. Therefore ω-3 and ω-6 PUFA must be delivered with food.
Epidemiological observations suggest that diet rich in fatty marine fish (that are a rich source of eicosapentanoic acid (EPA) and docosahexanoic acid (DHA), two most common ω-3 PUFA) reduce cardiovascular mortality (Inuits from Grenland, Japanese from Okinawa) (1) . Physicians Health Study demonstrated that males who consumed fish at least once weekly had lower risk of sudden cardiac death despite unchanged incidence of myocardial infarction (2) . These observations were supported by clinical trials: in DART study increased fish consumption led to a 29% reduction of mortality of myocardial infarction patients (3) . GISSI-Prevezione Trials demonstrated that ω-3 PUFA supplementation reduced sudden cardiac death by 45% (4) . This and other evidence led to adoption of ω-3 PUFA supplementation by many organizations, such as American Heart Association, as a recommended measure to reduce cardiovascular risk.
However, there are emerging data on potentially detrimental effects of ω-3 PUFA supplementation. PUFAs also undergo random oxidation (also referred to as peroxidation or auto-oxidation) rapidly under the conditions of the human body and are a source of tissue-damaging free radicals. Omega-3 fatty acids can alter immune function sometimes in ways that may lead to a dysfunctional immune response to a viral or bacterial infection (5) . Furthermore, experimental studies demonstrated that ω-3 PUFA can affect variety of cardiomyocyte-specific ion channels and transporters engaged in intracellular Ca 2+ handling potentially affecting both contractility and susceptibility to arrhythmias (6) .
AIM
The aim of the study was to examine cardiac safety of ω-3 PUFA supplementation, i.e. effects of 4-weeks of DHA and EPA feeding on left ventricular function, structure, action potential duration and parameters of cardiomyocyte Ca 2+ handing to verify effects of ω-3 PUFA supplementation on both cardiac hemodynamic performance and pro/antiarrhythmic predisposition.
MATERIAL AND METHODS
Twenty four male Wistar-Kyoto rats, weighing 210-230 g, were used. All study animals were used in compliance with local and institutional regulations. The study conformed to the Guide for the Care and Use of Laboratory Animals, US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and was approved by the local ethics committee.
Study protocol
The rats were randomly assigned to 3 groups (8 rats per group) that received control chow, chow enriched with EPA or DHA in amount 3% of total energy intake for 4 weeks. EPA and DHA were a gift from KD Pharma, Germany.
At the end of the feeding period, all animals underwent echocardiography, the epicardial monophasic action potentials (MAPs) were recorded and hearts were processed for cardiomyocyte isolation and Ca 2+ handling measurements.
Echocardiography
Echocardiography was performed using MyLab25 (Esaote, Italy) with 13 MHz linear array transducer. Under light anesthesia (ketamine HCl and xylazine, 75 mg and 3.5 mg/kg body weight, IP) wall thickness were determined from the short-axis view at the midpapillary level. LV end-diastolic and end-systolic areas were planimetered from the parasternal long-axis view. LV ejection fraction (LVEF) was calculated as (LV diastolic area -LV systolic area)/LV diastolic area.
Myocyte isolation and Ca

2+ transient recording
The LV myocytes were isolated by enzymatic digestion, as described previously (7) fig. 2A) (7) .
Monophasic action potentials recording
The local subepicardial monophasic action potentials (MAPs) were recorded using a miniature suction electrode consisting of the measuring electrode (silver wire, ∅ = 0.5 mm) protruding from the small plastic tube connected to the vacuum source, and the reference electrode (the silver wire was attached to the outer surface of the plastic tube). To record MAPs, the surface of the heart was gently touched with the measuring electrode and suction was applied. MAP reflects the course of action potentials of a small group of myocytes.
MAPs were recorded from two points of the LV wall: near the base and halfway between the base and the apex. Duration of five MAPs were averaged for each point and subsequently averaged from two points in each area. Eight rats per group were studied. Representative MAP recording are shown in figure 3A .
Statistical analysis
Data are presented as means ± SEM. Normal data distribution was verified by Shapiro-Wilk test while homogeneity of variances by Levene's test. Student t-test, one-way or two-way ANOVA followed by Tukey's posthoc test or Kruskal-Wallis test (Statistica software 8.0) (F) and PMCA (G) in cardiomyocytes from rats receiving standard diet (Control) and EPA or DHA enriched diet. Means ± SEM, n = 32-120 measurements in myocytes isolated from 8 rat in each group. *p < 0.05 EPA or DHA enriched diet vs. control diet were used when appropriate. P < 0.05 was accepted as a level of significance.
RESULTS
There were no changes in the gain of body weight between rats receiving the control chow and DHA or EPA enriched chow after 4 weeks of feeding ( fig. 1 A-D) .
Left ventricular function and dimensions
As figure 1 demonstrates, ω-3 PUFA feeding did not affect LV function, wall thickness or diameters, indicating that 4 weeks of feeding has no effect on LV structure and function.
Calcium handling
Intracellular Ca
2+ handling determinates amplitude of the cardiomyocyte contractions as well as the rate of relaxation. Moreover intracellular Ca 2+ disturbances may promote Ca 2+ -dependent arrhythmias. While EPA enriched diet had no impact on intracellular Ca 2+ handling, DHA introduced to the diet significantly increased amplitude of Ca 2+ transient and SR Ca 2+ content as compared to these parameters in cardiomyocytes from the rats feeding with the chow diet ( fig. 2B and C) . Moreover, DHA slightly decreased the rate of Ca 2+ transient decay ( fig. 2D ) probably decreasing average rate of Ca 2+ transport to SR by SERCA (fig. 2E ). There was no statistically significant impact of incorporated DHA on NCX ( fig. 2F ) and PMCA ( fig. 2G ) function, however the trend to decrease of PMCA function was noticeable (p = 0.045).
Monophasic action potentials
The normal shape of AP in cardiomyocytes ensures electrical stability of the heart. Decrease of the amplitude as well as the changes of AP duration influences the propensity to arrhythmias. Additionally, the AP duration has impact on the contractility, modulating the Ca 2+ influx. We did not found any effect of both EPA and DHA introduced to the diet on AP duration ( fig. 3B ), while the slight increase of AP amplitude was observed in harts of rats receiving EPA enriched diet ( fig. 3C ).
DISCUSSION
We show that PUFAs, EPA and DHA, given to rats with diet for 4 weeks, do not affect left ventricular function or structure and have only mild effect on electrophysiological parameters and Ca 2+ handling in the isolated LV cardiomyocyets. This indicates that omega-3 PUFAs are safe for the cardiovascular system. Nevertheless, some of these cellular effects may be considered arrhythmogenic under specific conditions.
Cellular effects of omega-3 PUFAs
Omega-3 PUFAs can exert cellular effects through incorporation to the cellular membranes and through direct effects of their free form circulating in the plasma. The effect of free PUFAs on cardiomyocyte function has been widely studied in vitro and results suggest that PUFAs may exert depressing effect on cardiac contractility (6) . In isolated cardiomyocytes addition of free PUFAs to the superfusion resulted in reduction of L-type Ca 2+ current, inhibition of ryanodine receptors (RyRs) and diminution of sarcoplasmic reticulum (SR) Ca 2+ content (8) . Moreover, it has been shown that PUFAs have dose dependent impact on AP duration in isolated cardiomyocytes. Addition of low PUFAs concentration to the perfusion solution resulted in prolongation of AP duration, while higher concentration shortened it (8, 9) . The inhibition of Ca 2+ current and RyRs as well as the shortening of AP duration at higher PUFAs concentration produced marked reduction in Ca 2+ transient amplitude and cell shortening (10, 11), which should depress heart function in vivo.
However, dietary PUFAs supplementation does not only result in increase of the concentration of free PUFAs circulating in the blood, the impact of which was examined of the above mentioned experiments, but also leads to DHA and EPA incorporation in the cellular membranes. Leifert et al. have shown that in rats fed with PUFAs enriched diet for 3 weeks the level of DHA and EPA in myocytes membranes increased from 6 to 20% and from 0 to above 3% of total phospholipids, respectively (12) . It is conceivable, that changed phospholipids membrane composition may influence the function of the membrane channels and transporters an thus myocyte function. Indeed, in several stud- ies the PUFAs incorporated to the cellular membranes due to prolonged dietary supplementation exerted some effects on cardiomyocyte function, however less pronounced than those induced by free PUFAs introduced to the perfusion solution. Moreover, the results of these studies were inconsistent. In Leifert et (14). The results of the above studies suggest that the effect of incorporated PUFAs is different from that exerted by free PUFAs and strictly depends on the species used along the experiments, the time of fish oil supplementation and the amount of EPA and DHA incorporated to mtyocytes membranes.
To add the new information in this area we investigated separately the effect of EPA and DHA enriched diet and we showed that in rats fed for 4 weeks only DHA had some impact on Ca 2+ handling parameters, increasing amplitude of Ca 2+ transient and SR Ca 2+ content. The rate of Ca 2+ transient was slightly decreased due to diminished SERCA function. These changes should promote increase of myocyte contraction and cardiac function.
Effects of omega-3 PUFAs on the left ventricular function
Effects of omega-3 PUFAs on LV function in vivo have not been studied systematically. To date the impact of PUFAs dietary supplementation was assessed only in the two studies in marmosets (15) and dogs (16) . In marmosets fed in fish oil there was no evidence of cardiac hypertrophy, however, mild increase of ejection fraction associated with greater end diastolic volume was found (15) . On the other hand in dogs receiving fish oil enriched diet in spite of significant increase in the DHA and EPA incorporation in the myocytes membranes and exposition of myocytes to increased level of free PUFAs LV function was not changed (16) . However, it should be noticed that dietary supplementation of PUFAs was much longer in marmosets as compare to dogs (24 vs. 3 months). Similarly to Billman et al., here we demonstrate that neither DHA nor EPA had any effect on the left ventricular diastolic area (as a marker of LV volume), ejection fraction (as a marker of LV contractility) or LV wall thickness (as a marker of potential hypertrophy) (16) . We found no changes in LV function in spite of increased SR Ca 2+ content and amplitude of Ca 2+ transients, which should result in increase of contractility of individual cardiomyocytes. However, as was mentioned above in our cellular experiments we investigated the effect of incorporated PUFAs only. In vivo this effect is influenced by the free PUFAs circulating in the blood. The experiments with myocytes superfused with free PUFAs have shown that PUFAs in this form rather diminish the amplitude of Ca 2+ transient through decreasing of Ca 2+ current. It is conceivable, that this two opposite effects of incorporated and free PUFAs superimposed in vivo and resulted in no impact on LV contractile function, at least after rather short period of PUFAs supplementation.
Potential effect of omega-3 PUFAs on arrhythmogenesis
Dangerous ventricular arrhythmias, the main cause of sudden death, are predominantly of reentrant nature and occur when a premature ventricular extrasystolic beat coexists with a heterogeneity of refractoriness. Under this condition the propensity to unidirectional block of conduction and induction of reentrant circuit is high. Additionally, the maintenance of reentrant arrhythmias is promoted by the short refractory period (due to shortening of APD) and by decreased velocity of impulse conduction (17) .
Premature ventricular beats most commonly are initiated by the spontaneous Ca 2+ release from SR promoted by Ca 2+ overload. In vitro experiments showed that addition of PUFAs to the superfusion solution, the condition resemble the influence of free PUFAs circulating in the blood, reducing Ca 2+ current and activity of RyRs, diminish SR Ca 2+ content. Consequently, threshold for spontaneous Ca 2+ release from SR is increased and propensity to premature beats and thus arrhythmias reduced (10, 18) . Incorporated PUFAs also seem to have some anti-arrhytmogenic effects. In pigs fed a diet of fish oil for 8 weeks incidence of spontaneous Ca 2+ release, subsequent afterdepolarizations and triggered AP were much rarer as compared to control group (19) . In fed animals augmentation of Ca 2+ current, SR Ca 2+ content and NCX function in response to adrenergic stimulation was much weaker than in control group. On the other hand we show, that DHA enriched diet increased Ca 2+ SR content and amplitude of Ca 2+ transient which may promote spontaneous Ca 2+ release from SR. Probably in vivo this potentially pro-arrhythmic affect is counterbalanced by the anti-arrhythmic effect of circulating free PUFAs. Additionally, we found that EPA enriched diet increased AP amplitude, which promotes faster propagation of the excitation pulses and diminishes propensity to reentrant arrhythmias.
CONCLUSIONS
In summary, our results indicate that DHA and EPA enriched diets given to the rats for 4 weeks are safe and do not impair cardiac function and do not induce detrimental left ventricular remodeling. The augmentation of Ca 2+ handling by DHA enriched diet needs to be further elucidated especially in contest of arrhythmogenesis in pathological conditions such as ischemia or myocardial infarction, which per se promote myocyte Ca 2+ overload.
